This work evaluated the possibility of using silicon solar cells as load-carrying elements in composite sandwich structures. Such an ultra-light multifunctional structure is a new concept enabling weight, and thus energy, to be saved in high-tech applications such as solar cars, solar planes or satellites. Composite sandwich structures with a weight of $800 g/m 2 were developed, based on one 140 lm thick skin made of 0/90°carbon fiber-reinforced plastic (CFRP), one skin made of 130 lm thick mono-crystalline silicon solar cells, thin stress transfer ribbons between the cells, and a 29 kg/m 3 honeycomb core. Particular attention was paid to investigating the strength of the solar cells under bending and tensile loads, and studying the influence of sandwich processing on their failure statistics. Two prototype multi-cell modules were produced to validate the concept. The asymmetric sandwich structure showed balanced mechanical strength; i.e. the solar cells, reinforcing ribbons, and 0/90°CFRP skin were each of comparable strength, thus confirming the potential of this concept for producing stiff and ultra-lightweight solar panels.
Introduction
Saving natural resources and energy is one of the key challenges of the 21st century. In transportation, the most effective way to save energy is to diminish the moving mass, especially for aerial transportation. So, decreasing the weight of the structure of airplanes has become a main preoccupation for all aircraft constructors, from the biggest commercial airplanes [1, 2] (to reduce running costs) to small private airplanes [3, 4] . Therefore, composite sandwich structures are largely used in applications requiring high strength and stiffness-to-weight ratios, such as in the aeronautical domain [3] [4] [5] [6] . For more unusual applications, such as ultra-light solar aircraft [7] [8] [9] , competition solar cars, or satellite solar panels, the weight of the structures has to be pared to the absolute limit in order to save every gram. To this end, these ultra-light sandwich structures have been extensively studied by Rion et al. in order to understand the driving failure mechanisms and their relation with processing [10] [11] [12] . This type of structure was thus optimized, i.e. designed such that the failure loads of the various components were similar [13, 14] .
In the above-mentioned applications, solar cells are often glued onto very light sandwich panels which provide sufficient stiffness [15] [16] [17] . In these designs, the solar cells add supplementary weight to the sandwich structure, with negligible mechanical contribution. To save more weight, the possible use of the mono-crystalline silicon (m-Si) solar cells to actually form the skin of the sandwich structure was investigated in the present work. The high elasticity modulus of m-Si (130-190 GPa depending on crystallographic direction) can provide very high stiffness to the sandwich structure. Furthermore, the thickness of such cells being in the range 130-300 lm makes these compatible with classic carbon fiberreinforced plastic (CFRP) skins. However, despite the high intrinsic strength of silicon (3-7 GPa depending on crystallographic direction [18, 19] ), its brittleness, and thus the low strength of the cells, limits the load-carrying capacity of this structure. Also, due to their finite size, a stress transfer device between the cells is required to ensure stress continuity on the photovoltaic (PV) skin.
Several studies have been conducted on asymmetric sandwich structures [20, 21] as also on multifunctional structures [22, 23] , but the present concept is completely new. This novel approach was thus carefully studied, following three main steps. Firstly, the strength of the solar cells was analyzed to identify design values for the asymmetric sandwich structure. Secondly, mechanical analysis of solar cells integrated into the sandwich structure was conducted to determine the influence of sandwich processing on cell strength, either due to damage or to residual stresses. Finally, curved multi-cell prototype modules were fabricated to demonstrate the feasibility of producing curve-shaped panels to fit, for example, wing profiles.
Materials and methods
The solar cells used were m-Si cells with 16.9% efficiency (S32, AzurSpace Solar Power GmbH). The thickness of the cells was edges of the cells corresponded to the [1 0 0] and [0 1 0] crystal directions. The active face of the cells had an inverted pyramid surface texture in order to increase light absorption, especially for light rays with a low incidence angle [24] [25] [26] . As Münzer et al. [27] had observed a decrease in strength due to surface texture, the strength of the textured cells was compared to that of smooth m-Si cells with no surface texture (RWE, 2PR/200-6540), 13.6% efficiency, dimensions of 65 Â 40 mm 2 , and a thickness of 200 ± 40 lm. Both types of cell had a 3-11 lm thick silver layer on the back surface acting as a current collector. The cells were first tested in 3-point bending with a 40 mm span between the loading points. As cracks propagate mainly under tension from surface and edge defects, the cells were tested with either the silicon active side or the silver-coated side under tension in order to investigate the quality of both front and rear surfaces. A total of 40 textured cells and 10 smooth cells were tested on each side.
When integrated as a skin in a sandwich structure, the solar cells are loaded mainly under tension and compression. As silicon cells are very brittle, the critical loading mode of the face is tensile loading, which causes crack opening and propagation in the cells. Compressive forces are less critical because the cracks do not tend to propagate. As a tensile load is more severe than a compressive load, the cells were tested under tension. The major problem with this test was to introduce the force in the cell without breaking it too early. This was solved by using steel plates with a beveled edge glued onto the cells, as depicted in Fig. 1 . The load was introduced into the plate with pins, allowing rotation and self-alignment of the loaded cell, thus minimizing the edge effects on the cell. The loading rate was 0.2 mm/min. A total of 40 solar cells of the S32 type were tested.
Three different asymmetric sandwich structures were fabricated. Sandwich beams with a single cell on one face were fabricated to test the influence of sandwich processing on the mechanical properties of the cell. Sandwich beams with two cells on one face were produced to test the local reinforcement between cells. Two curved multi-cell modules, one with with four-cells and one with eight cells were eventually produced to demonstrate the feasibility of the asymmetric sandwich concept. As the goal of the study was to produce the lightest possible sandwich panels, carbon fibers, which have the highest strength-and stiffness-to-weight ratio amongst reinforcing fibers were chosen for the second face.
The CFRP faces were made of stacks of a 70 lm thick unidirectional (UD) carbon fiber pre-impregnated laminate (so-called prepreg, with a 35 wt% EH84 epoxy matrix from Hexcel). The core was an 8 mm thick, 29 kg/m 3 Nomex honeycomb with a 3.2 mm cell size (Euro-Composite). Core-to-skin bonding was ensured by 50 g/m 2 epoxy adhesive film (VTA260, Advanced Composite Group). The sandwich beams were 32 mm wide (width of one cell) by 460 mm long. Their detailed structure is depicted in Fig. 2 . One skin was made of three layers of UD carbon prepreg (0/90/0°). This skin was voluntarily over-designed to ensure the failure of the solar cell side, hence enable studying the strength of the solar cell face. A detailed study of the CFRP face failure is reported in [12] . The other skin was composed of one or two solar cells in the middle of the beam, and three layers of prepregs (0/90/0°) on each side of the cells. The two 0°plies overlapped the cell by 5 mm in order to ensure good stress transfer. No prepreg was present below the cells, which in fact formed the skin of the sandwich. To ensure stress transfer between the two adjacent cells, a 10 mm long ribbon of UD carbon prepreg was placed in the gap under the two cells. It should be noted that this CFRP ribbon cannot be used for electrically working panels, since the carbon fibers in contact with the cells would cause a short-circuit. Therefore, on the curved module with eight cells connected electrically, 100 g/m 2 glass fibers fabric was used as reinforcing ribbon.
When sandwich panels with a honeycomb core are manufactured in a single step using vacuum processing, the pressure in the core is not well-controlled because the honeycomb cells are closed by both skins, and air circulation is difficult [12] . The sandwich samples were thus produced in two steps in order to control the pressure in the honeycomb cells during the first step. The first cure was made with the solar cell and adjacent prepreg layers laid on the aluminum mold, with the honeycomb on top. The upper side of the honeycomb was open, so that the relative pressure in the honeycomb cell could be controlled. It was fixed either at -0.9 bar for 18 samples with one cell, or at À0.3 bar for 12 samples with one cell, in order to observe the effect of processing pressure on the strength of the structure and on the morphology of the adhesive menisci between skin and honeycomb cell walls. The three samples with two cells were cured at À0.9 bar. The second skin was cured in a second step, on the vacuum bag side, so that the solar cells on the mold side were not damaged. The same pressure was used in both steps. Cross-sections of the sandwich beams were embedded in an acrylic resin and polished in order to carry out microscopic observations under bright field illumination, as shown in Fig. 3 . The resin fillets between honeycomb cell walls and skins formed properly on both the CFRP and silver face of the solar cells, thus ensuring a good core-to-skin bonding [10, 28] . Taking into account the size of the fillets, an equivalent adhesive weight of approximately 30 g/m 2 was calculated with the model developed in [10] . It showed that nearly half of the adhesive film remained on the surface of the solar cell or CFRP skin, as can be observed in Fig. 3 . This demonstrates the interest of using the adhesive deposition method on honeycomb [10] in order to lay the adhesive directly where the menisci form. The beams were tested in 4-point bending with a 400 mm span between the outer supports and a 100 mm span between the loading points, and the solar cells centered on the set-up. Samples with a single solar cell were tested with the solar cell under tension. In order to test the reinforcing ribbon between the cells, one sample with two cells was tested with cells under tension, and the two others with the cells under compression. Fig. 4 shows a bent single S32 cell under 3-point bending. Considerable deflection is evident, which was possible due to the small thickness/length ratio of the cell. This invalidated the use of simple linear beam theory in order to calculate the bending moment and thus the stress on the cells. The model developed by Schoenfelder et al. [29] was therefore used to take the large deflections into account.
Mechanical analysis of solar cells

Bending and tensile strength of bare m-Si cells
In order to calculate the stresses, the thickness needs to be known accurately. In fact, the thickness of the cell includes the thickness of the silver backing, the texture height, and the thickness of the front silver grid, as sketched in Fig. 5 . To find an adequate mean value for the cell thickness, the slope b of the load-displacement curve during the 3-point bending test was measured in the linear part (i.e. at small displacements). As the thickness does not change during bending, the calculation of the thickness made at small displacements is valid at large deformation. Using linear beam theory, which is valid at small displacements, this slope was related to the thickness of an equivalent homogenous silicon rectangular section as follows:
with d the displacement of the loading point, P the load, L the span, E Si the Young's modulus of Si in [1 0 0] direction (equal to 130 GPa), B the width of the cell, and t th the thickness of the equivalent homogenous silicon rectangular section, which writes as:
The mean stress on the cell surface was calculated with this equivalent thickness. The slight influence of the silver backing on the rear side and the silver grid was disregarded, as explained in the following. 
where P i is the failure probability of the ith ranked specimen and n is the total number of tested specimens. The Weibull parameters were calculated from the linear fit of the measured failure data as shown in Fig. 6 and summarized in Table 1 . The corresponding failure probabilities are given by:
where m is the Weibull modulus and r 0 the stress corresponding to 63% failure probability. The failure probabilities are represented in Fig. 7 . The mean strengths measured were approximately 10% of the intrinsic strength of Si(1 1 1) [19] , thus demonstrating the presence of defects causing stress concentrations. The textured solar cells failed at a slightly higher stress when the textured side was under compression rather than under tension. There was no dramatic reduction of strength due to stress concentrations caused by the texture. The slightly higher strength when the silver-coated backing was under tension was partly due to the fact that the silver layer also carried part of the tensile stresses. In fact, accounting for the presence of silver layer, and assuming that it deforms elastically (E Ag = 78 GPa) reduces the calculated stress in the silicon on the silver side by 3% and 12% for 3 lm and 11 lm thick silver layer, respectively. In case the silver layer deformed plastically, the stress reduction in the silicon would be less pronounced. Stress in the silicon on the textured side was scarcely changed by taking the silver layer into account (less than 0.2% difference). But as the thickness of silver was not precisely known for each cell, the exact contribution could not be calculated. Another explanation for the very similar strength of both front and rear surfaces, despite different treatments, is that critical defects could be created on the edges of the cell during dicing [29] . The similar strength of textured and smooth sides is contrary to the measurements of Münzer et al. [27] . In fact, these authors measured the strength by pointloading [30] and did not take into account edge defects, which are not influenced by surface treatment. Moreover, they used different textures, which could create more severe stress concentrations. This issue will be further investigated using numerical simulations in a following section.
The Weibull modulus was higher, i.e. the scatter of strength values was smaller when the texture was under tension. This can be explained by the very regular etching of the textured face, removing most of the defects up to a given size. The size of the defects on the back-side was less controlled and more varied, causing higher scatter.
Even though the surface was not textured, similar behavior was measured on the smooth cells. The strength was slightly higher with the silver-coated backing under tension, but the scatter was also more pronounced. This may also be explained by a more careful etching of the front surface, thereby reducing scatter on this side, and also by the reinforcing effect of the silver layer on the back-side. The reduction of strength when the front face was under tension may also be partly due to the stresses caused by the silver grid deposition on the front side, as reported by Schneider et al. [31] who observed up to 30% strength reduction.
The strength of the smooth cells was lower than that of textured cells. The latter were thinner, and the present results demonstrate the positive influence of polishing and etching with further removal of defects and resulting increase of the strength in accordance with the results of Kray et al. [32] . This also confirms that the texturing process was not responsible for the low strength of the cells compared to the intrinsic strength of silicon, but that more critical defects were present in the solar cell.
Under tensile loading, all the cells broke at a 45°angle to the loading direction, as observed on the broken sample in Fig. 1 , which is the maximum shear direction and the weak (1 1 1) plan of Si crystal. Their tensile strength was calculated from the failure load F max measured during tensile testing as:
where B is the width of the cell, and t tens is an equivalent thickness, equal to the cell thickness minus the height of the pyramids. The calculated strength provides a slightly overestimated mean value, which nevertheless is representative of the stress in the most loaded zones. The Weibull failure distribution of the textured cells under tension is presented in Fig. 7 , with a mean tensile strength equal to 221 MPa. This value is almost two times lower than that measured under bending, which could be due to several factors. Firstly, a slight misalignment of the tensile loading set-up can induce stress concentrations on one edge and reduce the load-carrying capacity. Secondly, the loaded volume was larger in the tensile test compared to the bending test, with resulting reduced mean strength for a given critical defect distribution. This is consistent with the Weibull modulus which was found to be equal to 5.11, that is, very close to the value measured under bending with the active Si side under tension. The 95% survival level, calculated with the Weibull probability curve under tension, was 136 MPa. This value can be considered as a basic design value for the asymmetric sandwich structure.
Tensile strength of m-Si cells integrated into sandwich structures
All sandwich beams with one cell broke under bending due to tensile failure of the cell. The equivalent thickness used to calculate the stress in the cell was the same as for the tensile tests, i.e. the mean measured thickness minus the pyramid height. The mean stress and Weibull modulus calculated for the 18 samples cured with 0.9 bar pressure (as reported in Table 1 ) corresponded exactly to the values measured during tensile tests. The Weibull probability curves for both loading cases shown in Fig. 7 are in fact almost identical. This clearly indicated that sandwich processing did not damage the cells, and that residual stresses were not critical. This was further confirmed by the analysis of the 12 samples produced with reduced process pressure of 0.3 bar, with a strength equal to 211 ± 59 MPa.
The mean load per unit width in the cell at failure for the samples cured with 0.9 bar pressure was N cell = 23 ± 6 N/mm. This value is close to the line load causing compressive failure of a 0/90°CFRP skin due to local instability, equal to 28 N/mm [12] . However, the 95% survival stress level of 136 MPa calculated in the previous section corresponds to a line load of 14.3 N/mm, which represents a design limit for ultra-light asymmetric PV modules. The complete design of a large-size panel should also take into account the probabilistic failure load distribution of the cells, in order to minimize the risk of complete failure of the panel.
When the beams with two cells were tested with the cells under tension, failure was due to tensile failure of the cells, showing that the very thin stress transfer ribbon was strong enough for tensile loading. When the solar cell face was under compression, the beams failed due to compressive failure of the ribbon at a mean stress of 396 MPa corresponding to a line load of 27.7 N/mm. This value is larger than the maximum line load supported under tension by the cell, and this is therefore sufficient to build panels with symmetrical strength. The present carbon fiber-reinforced ribbons should be replaced by glass fiber-reinforced ribbons of comparable mechanical properties to avoid electrical short-circuits in operating PV modules.
Numerical analysis of stress concentrations in textured solar cells
In order to further investigate the experimental failure data of the cells a numerical analysis of stress concentrations in the textured cells was carried out. Fig. 8 shows the inverted pyramid surface texture of the m-Si cells produced by photolithography and selective etching [33] of the silicon and resulting stress concentration at sharp corners. The corresponding reduction of tensile strength of the textured surface is a well-known phenomenon already studied in [27] . Since the magnitude of this effect depends on the texture geometry, scanning electron microscope imaging was used for accurate measurement of the texture (Fig. 8a) and radius of curvature of the sharp corner from a section of a broken cell (Fig. 8b) . The average curvature radius of the pyramid tips over 10 measurements was found to be equal to 357 nm. This value was used for the fillet radius of all the sharp edges in a finite element model (FEM, Abaqus Ò ) of the textured surface. To investigate the influence of fillet radius, simulations were also conducted with double and half size radii. A computer assisted design model of the highly regular texture was constructed (Fig. 8c) . For the numerical analysis of stress concentrations resulting from the texture, the silicon cell was represented by a single texture unit. In the FEM simulation, the problem had to be solved at two different scales (100 lm thick cells and several 100 nm curvature radius of the texture). A sub-modeling technique was therefore used. A first model was built with element sizes adapted to the global cell scale. This was used to calculate the displacement field near the region of interest, i.e. the sharp edges in texturation, when the cell was under tensile loading or cylindrical bending. A second model, representing only the region of interest, was then constructed, with very fine elements allowing accurate stress calculation at the sharp edges. The displacement obtained as a result of the first global model was applied in this second model. For the silicon material, an orthotropic material with diamond symmetry was used with the following elastic constants: C 11 = 166 GPa, C 12 = 64 GPa and C 44 = 79.6 GPa. Maximal stresses were identified in the stress concentration area at the sharp edges of the texture (Fig. 8d) , and the stress concentration factor is given in Table 2 by the ratio k between the maximal stress and the mean stress without texture.
The stress concentration factors were similar in bending and tensile loading. They increased rapidly when the radius became smaller. Considering a fillet radius of 357 nm and an intrinsic strength of 4 GPa for silicon, the cell would break at a mean stress of 513 MPa under tension and 588 MPa under bending due to the stress concentration effects. As the mean measured tensile and bending stresses were smaller (221 MPa and 423 MPa, respectively), the present analysis implies that other, more critical, defects were present in the cells, causing early failure. This confirms the results of the bending tests, showing little difference between the strength of the textured and flat faces.
Multi-cell modules
In order to prove the feasibility of manufacturing curved asymmetric sandwiches with solar cells as a skin, two prototype modules with four and eight cells were produced, as shown in Fig. 9 . The cells were fixed together with adhesive tape on the Si side and with a 1 mm gap in-between and placed in an Al mold with a simple curvature of 2 m À1 . Small pieces of adhesive tape were placed at the cells corners in the case of the four-cell module, which resulted in local damage of the cells during processing. For this reason, continuous strips of the adhesive tape were used to maintain the cells in place in the eight-cells module, and this avoided cell damage. The adhesive tape would be unnecessary in case the cells would be glued on an encapsulation film and connected electrically to each other. Reinforcing 10 mm-wide CFRP ribbons for the four-cells module, and glass fibers ribbons for the eight-cells module were placed over the gaps around the cells on the Ag side, and a 0/90°prepreg layer was adjusted around the cells with a 5 mm overlap on the edges of the cells. As in the case of sandwich beams, no prepreg was present below the cells, which again formed the skin of the sandwich. Adhesive film (50 g/m 2 )
was laid over the cells, and the honeycomb core was then placed on top, and closed using the 0/90°prepreg skin with 50 g/m 2 adhesive. The assembly was cured under a vacuum bag with À0.7 bar relative pressure. The sandwich constituents including the cells bent following the curvature of the mold when vacuum was applied and the produced modules were curved after curing and demolding. The cells in the two modules did not break during manufacturing due the curvature, but as mentioned above cells in the fourcells module broke locally where the adhesive tapes were placed. This underlined the need to have a very regular molding surface, which should be achieved with an encapsulation film to protect the cells against environmental attacks [34, 35] . This was not included in the present work. The photovoltaic performance of the eight-cells module was not measured but it was verified that the electrical continuity of the cells was not compromised by the manufacture process. The prototype panel confirmed the possibility of producing stiff curved-shape PV modules with a weight of $800 g/m 2 , and this opens the way for multiple uses of this new type of structure. A symmetric sandwich structure with solar cells glued on one face, with stiffness and strength properties similar to the multi-cell modules will weight about 200 g/m 2 more. The present asymmetric design enables a 20% weight reduction for ultra-light sandwich panels and is thus very interesting for light and stiff structures submitted to small loads.
Conclusions
The concept of an asymmetric photovoltaic sandwich structure comprising one skin made of solar cells was evaluated. The strength of mono-crystalline Si solar cells in 3-point bending was found to be equal to 420 MPa, which is approximately 10% of the intrinsic strength of Si(1 1 1). Cell strength was similar when measured in bending with the textured side under tension or compression, as well as with the smooth cells without texture. This result, combined with a FEM simulation of stress concentration factors showed that the inverted pyramids texture of the solar cells was not responsible for their early failure and that more severe defects caused the failure of the cell. The mean tensile strength of the cell was found to be 221 MPa. The strength of the cells was unchanged when integrated into the sandwich structure, thus confirming the process compatibility of the cells, and the low residual stresses.
Two prototype multi-cell modules were manufactured including four and eight cells and thin stress transfer ribbons. The ribbons were strong enough to enable large-size flat or curved panels to be built. The asymmetric sandwich structure showed balanced strength properties, the strength of the solar cells, reinforcing ribbon, and 0/ 90°CFRP skin being similar, thus underlining the potential of this concept for producing stiff and ultra-lightweight solar panels. The interesting mechanical properties identified in bending with corre- sponding 20% weight savings compared to traditional symmetric designs have to be confirmed once final application and loading cases are defined and the structure optimized to this end. Furthermore, a scale-up of the process and real size panel testing has to be made to confirm the suitability of the asymmetric concept for defined loading case. A detailed reliability analysis has moreover to be conducted by taking into account the strength scatter of the cells in order to build panels with satisfying security factors.
